The Interconversion of Glutamic Acid and Aspartic Acid in Respiring Tissues BY H. A. KREBS ANi D. BELLAMY Medical Re8earch Council Unit for Re8earch in Cell Metaboli8m, Department of Biochemni8try, Univer8ity of Oxford (Received 6 November 1959) In previous papers (Krebs, 1950; Terner, Eggleston & Krebs, 1950) it was briefly reported that glutamic acid, when added in excess to respiring animal-tissue preparations, is rapidly converted into aspartic acid, and that aspartic acid, when added in excess, is converted into glutamic acid. Qualitatively these interconversions are not unexpected: both amino acids are oxidized in animal tissues through the tricarboxylic acid cycle and therefore form oc-oxoglutarate and oxaloacetate as intermediates. As animal tissues all contain aspartic-glutamic transaminase, any excess of the added amino acids may be expected to transaminate with the appropriate oc-oxo acid arising as an intermediate. Starting with an excess of glutamate, a trace quantity of oxaloacetate present in the tissue, or formed from glutamate, would thus be expected to react as follows:
oxaloacetate + glutamate -+ aspartate + a-oxoglutarate a-oxoglutarate + 1j02 --oxaloacetate + C02
(1
Sum: glutamate + 1j02 -+ aspartate + C02
Analogously, starting with an excess of aspar-acid in 20-40 min. Qco2 during the initial stages was about tate, a trace quantity of oc-oxoglutarate and an 180. The stock suspension was stored at -150. Repeated endogenous substrate such as lactate, the expected thawing and freezing did not reduce the activity of the sequence is:
decarboxylase. Whilst, then, qualitatively the interconversion of glutamate and aspartate is expected, the extent to which this occurs cannot be predicted because several other pathways, especially complete oxidation, are open to both oc-oxoglutarate and oxaloacetate, and no information is available on the rate at which transamination occurs at the low concentrations of the oc-oxodicarboxylic acids in animal tissues.
The data presented in this paper indicate that, under some conditions, transamination rather than complete oxidation of the oc-oxo acids is the preferred route. Although the steady-state concentration of the oc-oxo acids is very low, transamination occurs very readily.
METHODS
Manometric determination of aspartic acid. The manometric method of Crawford (1957) employing the specific aspartic decarboxylase of Nocardia globerula (National Collection of Industrial Bacteria, Teddington, Middlesex, no. 8852) was used. This enzyme converts L-aspartate into oa-alanine. The aspartic decarboxylase of this organism was found to be much more active (by a factor of about 10) in washed suspensions than in the acetone-dried powder recommended by Crawford. On the other hand, washed suspensions, in contrast with acetone-dried powders, absorb 02 under test conditions when added to tissue extracts. Although the rate of consumption of 02 is very low, the error introduced by it can be significant but can be avoided by anaerobic conditions. The specificity of acetonedried powder and washed suspensions appears to be equal, as identical aspartate values were obtained with both preparations in an analysis of casein hydrolysate. Asparagine did not react.
The yield of the organism was greatly increased when growth conditions were aerobic. The organism was therefore grown in Roux bottles containing 2 g. of peptone, 0-25 g. of Difco-yeast extract, 1 g. of glucose, 3 g. of agar and 100 ml. of water. The flasks were inoculated with a (5 ml.) liquid subculture, containing 0.5 % of yeast extract, 0-9 % of NaCl, 0-2 % of sodium citrate and 0-1% of glucose.
After 18 hr. at 300, about 4-5 g. of wet cells was obtained from one Roux bottle. The cells were washed three times on the centrifuge with 0-9 % NaCl and finally suspended in 4 vol. of 0-9% NaCl. Of this suspension, 0-5 ml. liberated the theoretical amount of CO2 from 20,umoles of aspartic Replacing glucose by hydrolysed casein did not affect the yield of cells or the activity of the enzyme. Addition of asparagine to the growth medium reduced the decarboxylase activity, especially in the early stages of incubation.
For the determination of aspartate, up to 3 ml. of the solution to be tested was measured into the main compartment of a conical Warburg vessel, together with 0-3 ml. of 3M-acetate buffer, pH 5-0. The side arm contained 0-5 ml. of the Nocardia suspension and 0-1 ml. of the acetate buffer; the centre well contained phosphorus and the gas space N2. The bath temperature was 37°.
Manometric determination of glutamic acid. The decarboxylase method with the glutamic decarboxylase of Clostridium welchii, strain S.R. 12, was used (see Krebs, 1950) . The values obtained by this method are too high when both aspartic acid and oc-oxo acids are present (see Muller & Leuthardt, 1950; Meister, Sober & Tice, 1951) . Very low concentrations of pyruvate or oc-oxoglutarate suffice to cause a decarboxylation of aspartic acid to aalanine. This difficulty was overcome by removing aspartic acid first with Nocardia suspensions and carrying out the glutamate determination on the material in which aspartate had been determined.
Chromatographic determination of amino acids. The methods of Clayton & Strong (1954) and of Meyer (1957) were used. After incubation, the tissue suspension was added to an equal volume of boiling ethanol. The mixture was heated at 1000 for a further 5 min. and then cooled and centrifuged at 25 000g for 30 mini. Samples of the supernatant fluid and standard solutions of amino acids were applied 8 cm. from one end of strips of Whatman no. 1 (chromatography grade) paper about 30 cm. long. They were placed 4 cm. apart and contained from 0-5 to 2-0,ug. of amino nitrogen. The chromatograms were developed with a descending solvent (Clayton & Strong, 1954) for about 8 hr.
Ninhydrin solution (Meyer, 1957) was prepared weekly by mixing a freshly prepared solution of 0-3 g. of ninhydrin in 100 ml. of 95 % ethanol with a solution of 0-02 g. of ethylenediaminetetra-acetic acid in 6-5 ml. of water. After the papers were dried for 1 hr. in a stream of air at room temperature, the ninhydrin solution was sprayed lightly on to the paper. The chromatogram was heated at 1100 until the coloured spots could just be detected (about 3 min.).
Each spot was cut out, divided into small pieces and placed in 10 ml. stoppered tubes with 3 ml. of ninhydrin reagent. The tubes were heated at 500 with occasional shaking for 45 min. The extinction of the resultant solution was measured at 578 m,u.
The chromatographic method was used in all experiments on mitochondria. In the experiment recorded in Table 2 manometric methods were also used.
Determination of a-oxo acids. c-Oxoglutarate was estimated as the 2:4-dinitrophenylhydrazone by the method of El Hawary & Thompson (1953) , and oxaloacetate according to Kalnitsky & Tapley (1958) .
Preparation and incubation of tissue homogenates. Tissue from a freshly killed animal was cooled in ice and homogenized with 4 vol. of 0-155M-KCI in a stainless-steel apparatus (type Potter & Elvehjem, 1936) . For the incubation, 4 ml. of homogenate was measured into the main compartment of a large (50 ml.) conical Warburg vessel, together with 0-8 ml. of 0-lM-potassium phosphate buffer, pH 7-4, 0-8 ml. of 0-02M-MgC12, 0-8 ml. of 0-02M-adenosine triphosphate (ATP), varying quantities of 0-2, 0-4 or 0-75M-sodium glutamate and sufficient 0-155M-KCI to bring the volume to 8 ml. The centre well contained 0-3 ml. of 2 N-NaOH and the gas space 02. The vessels were shaken in a Warburg bath at 370 and the 02 consumption was measured manometrically. At the end of the incubation period (1 hr.), the enzymic reaction was stopped by the addition of 2 ml. of 2N-HCI, Micro-organiss8. Escherichia coli, N.C.I.B. no. 8571, was grown at 300 for 24 hr. in a medium containing 1% of Lab-Lemco, 0-5% of NaCl, 0.5% of Difco-yeast extract, 2 % ofTryptone, 2 % ofglucose and 3 % of agar. Alcaligenes faecalis was grown as described by Krebs, Whittam & Hems (1957) . The cells were washed twice on the centrifuge with water and finally resuspended in approx. 6 vol. of water. For measurement of the metabolism of glutamate, 2 ml. of washed cells (approx. 18 mg. dry wt.) was measured into the main compartment of a conical Warburg vessel together with 1 ml. of 0-1M-potassium phosphate buffer, pH 7-4, and glutamate to a final concentration of 0-02M. The volume was made up to 4-5 ml. with water.
Preparation of mitochondria. Rat-and pigeon-liver mitochondria were prepared according to the method of Werkheiser & Bartley (1957) , except that the dissolved C02 was not removed from the sucrose solution. Rat-brain mitochondria were prepared by the method of Bellamy (1959) and pigeon-breast-muscle mitochondria according to the method of Chappell & Perry (1953) . The mitochondria were finally suspended in 0-25M-sucrose. Each cup contained 2 ml. of mitochondrial suspension (about 400 mg. wet wt.); 0-4 ml. of 0-lM-potassium phosphate buffer, pH 7-4; 0 4 ml. of 0-02M-MgCl2; 0-4 ml. of 0-02M-ATP, varying quantities of 0-4M-sodium glutamate and sufficient 0-25M-sucrose solution to bring the volume to 4-5 ml. The centre well contained 0-2 ml. of 2N-NaOH, the gas space air. The bath temperature was 250. very low with mitochondria prepared from rat liver, pigeon liver and pigeon-breast muscle. In contrast, with rat-brain mitochondria most of the glutamate removed was recovered as aspartate, the yield reaching 91 % when 80,moles of glutamate was added to 4-5 ml. of suspension (Table 9) . Under these conditions, the changes observed are fairly close to those expected according to reaction (1). This finding indicates that the brain mitochondria possessed a high transaminase activity. The low yield of aspartate in liver and muscle mitochondria was presumably due to loss of transaminase in the washing process. Muiller & Leuthardt (1950) , using paper chromatography, have already demonstrated qualitatively a conversion of glutamic acid into aspartic acid in rat-liver mitochondria.
RESULTS
Oxidation of glutamate by micro-organisms. As many bacteria can oxidize glutamic acid by the. same route as animal tissue and possess transaminase activity, experiments were carried out to test whether a ready conversion of glutamate into aspartate occurs in bacteria.
E. coli and A. faecali8 both readily oxidized added glutamate, as shown by an increased oxygen consumption and removal of glutamate, but no accumulation of aspartate occurred. The data on the oxygen consumption of glutamate removal indicated that most of the glutamate which was removed underwent complete oxidation. Thus with the Alcaligenes strain, the suspension consumed 434 bimoles of oxygen with a removal of 8-8 ,umoles of glutamate and a formation of less than 0-4 ,umole of aspartate.
It should be mentioned that Bovarnick & Miller (1950) found a conversion of glutamic acid into aspartic acid in typhus rickettsiae.
DISCUSSION
The experiments show that the four tissues tested readily interconvert glutamate and aspartate. The observations are in agreement with the assumption that glutamate yields oxaloacetate, and aspartate yields oc-oxoglutarate, through the reactions of the tricarboxylic acid cycle, and that the a-oxo acids form the respective amino acids by transamination with the starting material [see also Miller & Leuthardt (1950) and Klingmuller (1955) ]. The steady-state levels of a-oxoglutarate were of the order of 1 rn and those of oxaloacetate below 0-1 mm. Under many conditions, transamination was the metabolic reaction preferred to those of the tricarboxylic acid cycle.
Animal tissues contain relatively large quantities of free glutamic acid (2-10 ,umoles/g.; Krebs, Eggleston & Hems, 1949) and relatively small amounts of aspartate (0-1-0-4 ,umole/g.; Krebs, 1950) . The ready formation of aspartate from glutamate raises the question of the function of aspartate formed from glutamate. It is relevant in this context that the amino group of several compounds synthesized in the tissues is known to be derived from aspartate. Examples are: the formation of arginine from citrulline, a step in the synthesis of urea in the mammalian liver (Ratner, Petrack & Rochovansky, 1953; Ratner, Anslow & Petrack, 1953; Ratner & Petrack, 1956 ) and in the synthesis of guanidinoacetic acid in kidney cortex (Borsook & Dubnoff, 1941; Krebs, 1942) ; the amidation of 5-amino-4-carboxyiminazole ribotide to yield 5-amino-4-carboxy-amidoiminazole ribotide, one of the steps of the synthesis of uric acid in birds Miller, Lukens & Buchanan, 1957) ; the amination of inosinic acid, leading to adenylic acid (Carter & Cohen, 1955; Abrams & Bentley, 1955; Lieberman, 1956 ). The reactions investigated in this paper can account for the supply of the aspartate required for these syntheses.
Cravioto, Massieu & Izquierdo (1951) have shown that in insulin shock the glutamate concentration of the brain falls and the aspartate concentration rises. The changes of the aspartate and glutamate concentration were of the same order of magnitude and of opposite sign, and this indicates that in insulin shock the same reactions occur in vivo as are described in this paper as occurring in isolated brain mitochondria. SUMMARY 1. Homogenates of rat and pigeon liver, pigeonbreast muscle and sheep-kidney cortex convert added glutamate into aspartate. Under some conditions, the amounts of glutamate removed and aspartate formed are approximately equal. The homogenates also convert aspartate into glutamate, the amounts of glutamate formed being of the order of 50 % of the amounts of aspartate removed.
In many cases, reactions (1) and (2) account for most of the oxygen consumption in the presence of glutamate or aspartate.
2. An almost stoicheiometric conversion of glutamate into aspartate also occurs in rat-brain mitochondria. In mitochondria of rat and pigeon liver and of pigeon-breast muscle, the yield of aspartate was only 20-30 % of the glutamate removed.
3. Washed suspension of Escherichia coli and Alcaligene8faecali8 did not accumulate aspartate on addition of glutamate.
